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5. PRE- LAUNCH AND LAUNCH HAZARDS

5.1 | NTRODUCTI ON
5.1.1 Background and bjectives

A hazard is the existence of any property or condition which

when activated, can cause injury, death, or result in danage to
property. O interest to this study are | aunch-rel ated hazards
whi ch could affect third parties, nanely people or property not
connected with ELV operations. Thus, hazards whi ch have effects
contained within the boundaries of the Range are not discussed
explicitly in this context.

A hazard potential exists because large quantities of liquid
and/or solid propellants are part of the ELV and they could be
unintentionally released in case of a |aunch accident. Thi s

hazard decreases with tine into the flight because the quantities
of on-board propellants decrease as they are consuned and the
vehi cl e noves away fromboth the | aunch site and near by popul at ed
ar eas. The exposure to launch accident hazards is greatest
during the first few mnutes after |aunch.

The maj or generic hazards in the event of an accident involving
propel l ants during pre-launch and | aunch operations are:

1. Expl osi ons: uncontrolled conbustion of these
propellants at a very fast rate per unit volunme such that
part of the chemcal energy is converted to nechanical
energy and part to heat. The nechanical energy is produced
in the formof a blast wave wth the potential of causing
damage by crushing forces and wi nds (Sec. 5.2).

2. Debris: vehicle fragnents that nmay |and upon
structures or popul ated areas. Fragnents may include
bur ni ng propel I ants whi ch coul d expl ode or burn upon | andi ng
t hus posing additi onal hazards of types 1 and 3 (Sec. 5.3).
3. Fires: uncontrolled conbustion of the propellants at
a slower rate than occurs in explosions, thus converting
their chem cal energy into heat only. The correspondi ng
hazard is thermal radiation to people and property in the
proximty of the fire (Sec. 5.4).

4, Toxi c Vapor C ouds: sone hypergolic propellants (such
as nononet hyl hydrazi ne, nitrogen tetroxi de and Aerozi ne-50)
are toxic and corrosive. If released in an accident,

unreacted vapors and aerosols my be transported by
prevailing winds in the form of clouds. Hydrazine vapors
are colorless and becone white when conbined wth
at nospheric noisture; nitrogen tetroxi de vapors are reddi sh
brown. Such clouds may pose a health hazard to people and
are potentially harnful to ani mal s and vegetation (Sec.5.5).
O her toxic propellants include fumng nitric acids, liquid
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fluorine, anhydrous anmoni a, nitronethane, ethylene oxide,
chlorine trifluoride, chlorine, nitrogen trifluoride,
hydr ogen peroxi de, hydrogen chl oride and hydrogen cyani de.

Hazards associated with noise, sonic boom and small quantity
releases of toxic materials are not considered in the sane
severity category as the hazards |isted above and are not
addressed in this report.

In a given accident, one or nore of these hazards may occur and
prevail in inportance over the others, depending on the specific
ci rcunstances of the event such as: vehi cl e design, accident
| ocation, failure node, propellant type, anount of propellant
rel eased, node of rel ease, environnental conditions and proximty
of people and property. Sonetines, the occurrence of one hazard
may preclude another because they conpete for the sane
propel l ant. For exanple, when nost of the propellant is consunmed
inafire, avapor cloud will not form Oher tines, the hazards
may be sequential -- such as the fornmation of toxic vapors in a
fire or an explosion which may |ater pose a toxic vapor cloud
hazard. The possi ble off-range i npacts of |aunch accidents are
illustrated in Sec.5.6.

Thi s chapter presents a generic discussion of the major types of
hazards associated with the ground preparation and |aunch of
ELV's nanmely: explosions, debris, fires and vapor clouds. The
objective is to provide an overvi ew of the nmechani sns i nvol ved in
t hese hazards, the types of analyses used and the danage
criteria. The hazards are considered to be of very |ow
i kelihood. Their applicability to, and magnitude in, any | aunch
operation should be established by detailed analyses of the
specific circunstances in each case. Such analyses for typica

| aunch operations are discussed in Ch. 10, Vol. 3. A second
objective is to provide a perspective on |aunch hazards by
conparison with industrial and transportation accidents.

5.1.2 Mgjor Information Resources on Rocket Propellant Hazards

In order to assess public risk exposure derived from |aunch
hazards, information nust be drawn from reports of mgjor
experinmental and theoretical studies of the behavior of
accidentally rel eased propellants and fuels.®® These studies
include test prograns carried out by governnent agencies (NASA
and DOD) where realistic accident scenarios were sinulated on a
| arge scale. Two notable test prograns were projects PYRO? and
SOPHY. (® Both are summarized briefly below to illustrate the
experinmental basis for the information that follows in this
chapter:

1. Project PYROtested the explosive yield and flammability of
[iquid propellants nanely:
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. hypergolics (Aerozine-50 & Nitrogen Tetroxi de used as
fuel and oxi di zer in both the Titan and Delta vehicl es)
inmass ratio of 2.25/1, in several configurations and
with total weights of up to 200 to 1000 Ib (90 to 450
kg) ;

. Li qui d Oxygen/RP-1 (used in the Atlas vehicle) in nmass
ratio of 2.25/1 and with a total weight of up to 25, 000
I b (11, 000kQ);

. Li quid Oxygen - Liquid Hydrogen (used in the Centaur
vehicle) in mass ratio of 5/1 and in total weights of
up to 100, 000l b(45, 000kg) ;

. Full-scale Saturn S-1V and a nodified Titan | first
st age.

Also, three accident conditions were simulated to produce
different types of mxing effects:

. failure of an interior bul khead separating fuel and
oxi di zer;
. fall back of a space vehicle on the launch pad with
conpl ete tank rupture and subsequent ignition;
. hi gh velocity inpact of a space vehicle after |aunch.
2. Project SOPHY addressed the hazards associated wth
handl i ng, transporting, testing and launching of solid
propel | ants. Solid propellants were tested 1in various

geonetries, sizes and weights (the latter varied from a few
hundred to half a mllion pounds). Shock initiation was produced
with a TNT charge centered on the end face of the propellant.

Air blast and fire ball data were collected and analyzed
statistically to develop scaling relationships. The critica

charge dianmeter required to sustain a detonation in a typica

conposite propellant was determned to be between 60 and 72
i nches.

These two test progranms and their results were discussed
extensively in a Chemcal Propulsion Information Agency (CPIA)
publication entitled "Hazards of Chem cal Rockets and
Propel | ants". (1 The results were analyzed to identify and
gquantify the resulting hazards and to devel op net hodol ogi es for
use in hazard analysis. Their findings are drawn upon
extensively wthout having reviewed in detail the original
reports of project PYRO and SOPHY.(2® Qher references of
interest to such anal yses are safety standards AFR 127-100(¥ and
DOD 6055. 9- STD. (®

Agai nst this background, we will present a generic discussion of
t he expl osion, debris, fire and vapor cloud hazards associ ated
with the accidental release of propellants. Hazard anal yses of
specific launch operations will also be discussed in Vol. 3,
Chapters 9 and 10.
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5.2 EXPLCSI ON HAZARDS

Expl osi on of an ELV can occur accidentally, as with the Titan 34D
event in April, 1986, or as a result of a destruct conmand using
the flight termnation system In sone cases, flight term nation
is acconplished sinply by shutting off the fuel supply to liquid
fuel engines. In this case, an explosion may not occur unless
the intact vehicle and its remaining fuel inpact the ground
sharply.

An explosion is a very rapid expansion of matter into a vol une
greater than its original volune. The cause of the expansion
m ght be conbustion, electrical discharge (such as |ightning) or
a purely nechani cal process such as the bursting of a cylinder of
conpressed gas. The faster the energy is released, the nore
vi ol ent the expl osion.

Rocket notors are designed to burn their fuels and rel ease their
energy in a controll ed conbustion process called a deflagrati on,
or sinply, a flane. In a deflagration the reaction front is
driven by diffusion nechanisns. At steady state, it proceeds in
the material at a rate | ower than the speed of sound.

Under sone conditions, the rate of energy rel ease can increase
significantly, leading to an explosion. The conbustion process
is then called a detonation.

In a detonation the reaction front consists of a shock wave
followed by a flanme. The reaction front is driven by a shock
conpressi on mechani sm At steady state, it proceeds in the
material at a rate faster than the speed of sound.

There is a spectrum of reaction possibilities between steady
state defl agrations and detonations, such as a fast deflagration
and a weak detonation, wth the potential of a transition from
one reaction to another. The defl agration-to-detonation
transition is referred to as DDI. A shock-to- detonation
transition is also possible and is referred to as SDT. (67

For solid propellants (see Table 3-3, Vol. 1, Ch. 3), cross-
I i nked doubl e base hybrid materials (DOD Class/Division 1.1--o0ld
Class 7) were always considered in the past to represent a
detonati on hazard; nost conposite propellants (Cass/D vision
1.3--old Cdass 2) were considered to represent a fire
(defl agration) hazard. However, recent trends in rocket notor
desi gn incl ude: nore energetic conposite propellants, higher
solid | oading densities, |arger grain dianeters and greater nass.
The net effect is that conposite propellants may al so detonate
i nadvertently wunder the dynamc conditions of accidents.
Al though, they may require a larger initiation energy than
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Class/Division 1.1 propellants and their detonation may not be
sel f-sustaining, resulting in | ower vyields(™:

A nunber of conditions influence the |Iikelihood of solid
propel | ant detonation: (67

. propel | ant toughness;

. nmot or geonetry, core configuration, dianeter, lengthto

di aneter ratio, chanber pressure, case bonding
techni que and propell ant residual strain;

. propellant critical dianmeter and geonetry;

. propel I ant granul ar bed characteristics (pyrolysis and
ignition) both thermally and nechanically induced,
leading to faster conbustion termnating in a
det onati on (DDT);

. propel |l ant response to shock (SDT);

. propel | ant response to del ayed reduced shock (referred
to as XDT)

. i npact velocity and surface inpacted (water, sand or
concrete).

A question of particular interest is whether activation of the
destruct system is likely to detonate solid rocket boosters.
This subject was studied recently by the Naval Surface Wapons
Center (NSWC) for a filanment wound graphite case material.(®
They tested:

. I i near shaped char ge (LSC) / propel | ant case
i nteractions;
. detonability and shock sensitivity;
. mat eri al response (breakage of propellant).
They concluded that activation of LSC would not detonate the
Solid Rocket Booster propellant. At npbst, a rapid burn is
expect ed.
For liquid propellants, the |ikelihood of detonation is
i nfl uenced by chem cal conposition and conditions such as:
. degree of fuel and oxidizer mxing and size of the
m xture prior to initiation;
. confinenent of the products of conbustion;
. presence of obstructions or flow instability that
generate turbulence and result in increased reaction
ar eas.

Such conditions are encountered i n accidents to vari ous degrees.
Thus, it is usually very difficult to predict with certainty
whet her or not a detonation will occur.

Still, overpressure can result if the reaction is fast enough,
even though it is not an ideal, steady state detonation. The
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main difference is in the near-field where a detonati on generates
a rmuch higher overpressure. This difference decreases further
away from the center of the expl osion. The far-field is of
particul ar inmportance to this study which focuses on potenti al
damage to the public (third parties) off-range. Over pressure
estimation nmethods are presented in the next section.

5.2.1 Bl ast \Waves

Scaling laws are used to cal cul ate characteristic properties of
bl ast waves from explosions. Wth the aid of such laws, it is
possible to present characteristics of the blast wave, for any
yield, inasinple form This is presented belowfor the case of
air at constant tenperature and pressure.

Ful | -scal e tests have shown that these rel ati onships hold over a
wi de range of explosive weights (up to and includi ng negatons).
According to the scaling laws, if d, is the distance from a
reference explosion of W Ib at which a specified hydrostatic
overpressure or dynam c pressure is found, (Dynam c pressure q =
1/2 pv? where pis air density and v is particle velocity), then
for any explosion of WIlb, these sane pressures will occur at a
di stance, d, given by:

d/d; = (WW)Y? (5-1)

In other words, the pressures are functions of a unique variable
(d/ W?3) called the scal ed-di stance or k-factor.

Cube-root scaling can also be applied to the arrival tinme of the
shock front, positive-phase duration and inpul se; the distances
concerned are also scaled according to the cube-root |aw (see
Figure 5-1 for a definition of these terns). The rel ationships
may be expressed in the form t/t, =i/i, =d/d, = (WW)Y3 where
t represents arrival tinme or positive-phase duration, i is the
i mpul se and the subscript 1 denotes the reference explosion W.

These relationships are well established and accepted in the
[iterature. They form the basis of nost explosion nodels,
i ncluding that used in Chapter 10 of this report.

It should be noted that the above relationships are for blast
waves in free field, under ideal conditions. In a real,
stratified at nosphere, shock focusing may occur produci ng hi gher
overpressures than in free field. Such effects have been taken
into account in a conputer nodel named BLAST based on acoustic
wave propagation. The nodel was devel oped by WBMC and has been
verified experinentally.(®
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FIGURE 5-1. DEFINITION OF SHOCK WAVE PARAMETERS (Ref. 1)
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5.2.2 TNT Equi val ency Anal ysis

It is conventional to express the magnitude of an expl osion of a
given material (e.g., solid or liquid propellant) in terns of an
equi valent weight of TNT (symretrical tri-nitrotoluene, a
conventi onal ordnance expl osive) required to produce essentially
the sanme bl ast wave paraneters. The TNT equival ent wei ght was
sel ected because of the large anmount of experinental data
avai | abl e on bl ast waves and danage produced by TNT expl osi ons.
A given material may have several TNT equivalent weights
dependi ng on the sel ected bl ast wave paraneter, i.e., it may have
an equi val ent wei ght based on peak overpressure, another based on
positive inpulse, (see dossary, App. A or Figure 5-1), etc.
Peak overpressure is nore commonly used, however, to define TNT
equi val ence. TNT yield refers to the TNT equival ent weight
expressed as a percent of the weight of the propellant.

The TNT-equival ent analysis has a nunber of limtations that
shoul d be borne in mnd to obtain valid conparisons. They are:
. Not all the accidentally-released material is involved

in the explosion: part of it may disperse wthout

reacting and part may react at a different tinme or
| ocation fromthe expl osion. Accordingly, nmeasured TNT
yields of liquid propellants were found to depend on
the degree of fuel/oxidizer mxing prior to explosion
initiation. This degree of m xi ng depends, in turn, on
the rate of mxing (a function of vehicle design,
failure node and acci dent conditions) and its duration
(a function of when ignition occurs).

. O the portion of released material that reacts in the
expl osion, part of it nay detonate and part my
deflagrate, with the latter contributing little energy
to the blast. Predicting whether a detonation or
defl agration (or any conbi nation of them) will occur is
a very conplex subject, as discussed earlier. The
out cone depends on t he propel | ant properties and on the
conditions of the accident. For exanple, with solid
propel l ant fragnments, an i npact speed greater than 300
ft/sec is likely to have sufficient energy to initiate
the detonation of that fragnent upon inpact. ("

. Even for the portion of the released material that
contributes directly to the blast energy, the bl ast
characteristics are different from those of a TNT
charge wth an equivalent ener gy. Measur ed
overpressure anplitudes are generally Ilower and
durations are | onger because of a slower reaction rate
for propellants than for TNT. This rate depends on
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accident-specific conditions such as: strength of
initiating source, degree of confinenent and shape of

propel | ant.
Thus, the TNT yield of a material is not an absolute property
such as density or nol ecular weight. Instead, it depends on the
test conditions in which it is mneasured. Fortunately, the
dependence of blast paranmeters on yield is | ow because of the
cube-root exponent in the scaling law (Eq. 5-1). Hence, the

prediction of a hazard distance (d) is not very sensitive to the
enpl oyed yield (W. For exanple, if the yield is off by 50
percent, the distance (at which a particular overpressure is
reached) is off by only 15 percent. Thus, the TNT nethod of
anal ysis has been used effectively over many years despite the
[imtations nmentioned above.

In 1978, NASA established an Expl osi ve Equi val ency Wor ki ng G oup
to define potential failure scenarios which could lead to an
explosion and to estimate the maxi num credi bl e explosive TNT
equi valency for these explosions. The nost conpl ete
docunentation of the findings of this group is reportedly in a
collection of briefing charts by WA Riehl et al.(® The work
performed by this group provided a basis for many subsequent
studi es, ('Y many of which have quoted verbatim TNT equival ent
values fromRef. 10. This is illustrated in Table 5-1, which is
extracted froma study on shuttle safety. ™ Avariety of failure
nodes and acci dent scenarios are identified for the external tank
and the solid rocket notors; a maxinum credible explosive
equi valent (or TNT yield) is estimated for each case. Also, the
range for these maxi num credi ble TNT yields varies from

. 5to 50%for LH/LOX
. 18 to 100 % for the solid rocket notors

The | ower bound for these yields is zero, since the propellants
may react or burn w thout produci ng nechani cal damage.

Al t hough the STS is not being considered for conmercial space
transportation, Table 5-1 is very useful to illustrate that the
yield of a propellant system can vary depending on the failure
node.

Reconmmended values for TNT equivalency of liquid propellants
under sel ected worst case accident conditions are given in AFR
127-100. ® Since AFR 127- 100 addresses the circunstances in
handling and storing propellants, it may not apply to |aunch
oper ati ons.
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TABLE 5-1 ESTIMATED SHUTTLE MAXIMUM CREDIBLE EXPLOSIVES EQUIVALENCIES

External Tank

Failure Mode %TNT Yield (by weight)
Destruct (Range Safety System)
Current Designe -  Without Orbiter 0.5
- With Orbiter 1.0
Redesign (Galileo Mission) 0.25
Direct Fall Back on Pad Not Credible
High Velocity Ground Impact (Intact) (W/O Destruct) 50*
Over Pressurization - LH; Tank 0.5
- LOXTank - Flight Not Credible
- Ground 10
SSME (Boattail) Explosion 0.5
Fallover - Both SRB’s Fail to Ignite 38
Tipover - OneSRB Fails to Ignite 38
TPS Failure - ET-LH2Tank - Barrel 1
- Aft Dome 0.5
-LOX Tank 0.5
- Intertank 10
SRB - Nose Cone/ Aft Skirt 0
- Cable Tray (Destruct) 5-1
- Sep’'n Motors, Thermal Curtain,
Attach Ring 0.5
SRB - TVC Hardover (Corkscrew - Destruct) 5-1
SRB -Case Rupture - AdjacenttoET 0.5
- Elsewhere - Cartwheel 5
- Separation 0.5
Recontact on Separation - SRB/ET - Aft 0.5
- Forward (I/T) 10
- Orbiter/ET 0.5
Solid Rocket Motors
Failure Mode %TNT Yield (by weight)
Aft Segment at Impact 18
High Velocity Ground Impact (W/O RSS) 20
Fallover - (Both SRB’s Fail to Ignite) 20-50
Tipover - (One SRB Fails to Ignite) 20-100

Source: Briefing, Riehl, 1979 [Ref. 10]
*The yield is a function of impact velocity and can reach 150% for velocities in excess of about 500 feet per second.
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The val ues are presented in Table 5-2, where it should be noted
t hat :

. TNT yields for the sane propellant vary dependi ng on
the accident conditions. Wiile this variation is
consistent with the concept of TNT yield (as discussed
above), it is inportant to sel ect the appropriate val ue
for each set of accident conditions since the yield
varies by up to a factor of seven.

. Significant equivalent TNT yields are estimated under
t he nost severe scenarios. These worst case scenari 0s
are very unlikely, however.

For illustration, the recomended TNT yi el d values are appliedto
three cl asses of ELV vehicles of interest: Atlas/Centaur, Delta
and Titan. This is presented in Table 5-3, which shows the
propel l ant conposition, weight, TNT yield estimate and TNT
equi val ent wei ght for each vehicle. Note that

. for liquid propellants, the yield estinmates are based
on the recommended guidelines in AFR 127-100 which
represent worst cases. Thus, they are inherently
conservati ve.

. For solid propellants, the yield estimates are taken

froma conpilation of SRMinpact detonation history.®
A range of values (varying over a factor of five) is
given to cover a nunber of accident scenari os.

TNT equivalent weights are obtained by multiplying each
propel l ant weight by its vyield. A range of TNT weights is
obt ai ned because of the wuncertainties in the yields. Such
uncertainties are expected in view of the previous di scussion of
the various factors that affect TNT vyield. In reality, the
ranges vary froma | ower bound of O (i.e., no blast) to the upper
values (i.e., worst cases) in Table 5-3. To estimte a
reasonabl e value within this range requires an accident-specific
anal ysis, which is not attenpted in this generic report.

Finally, note that a hybrid propellant mx technology (liquid
oxygen/solid polybutadi ene fuel) proposed by AMROC, has been
assigned a TNT equi val ence of zero by the DOD Expl osives Safety
Boar d.
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TABLE 5-2. LIQUID PROPELLANT HIGH EXPLOSIVE (TNT) EQUIVALENT YIELDS

(Source Ref. 4, AFR 127-100, Table 5-14 )

Propellant Combination

Static Test Stands3

LO, - LH;
LO; - LHx RP-1

LO; -RP-10r LO; - NH3

Inhibited Red Fuming Nitric
Acid (IRFNA) - Aniline2

IRFNA-UDMH2
IRFNA-UDMH + JP-42
N;04-UDMH + N H,4?
N204-UDMH + N>Hz-Solid?

Pentaborane + a fuel

Pentaborane + anoxidizer

Tetranitromethane (alone
or in combination)

Nitromethane (alone or
in combination)

Substitutions

NOTES:

1

60%

Sum of 60% for LO; - LH;
plus 10% for LO; - RP-1

10%

10%
10%
10%
5%

5% plus the high explosives
equivalent of the solid
propellant

10%

60%
100%

100%

Range Launch Pads3
60%

Sum of 60% for LO; - LH,
plus 20% for LO, - RP-1

20% up to 500,000 Ibs
plus 10% over 500,000 Ibs

10%
10%
10%
10%

10% plus the high explosive
equivalent of the solid
propellant

20% up to 500,000 Ibs
plus 10% over 500,000 Ibs

60%
100%

100%

Percentages given above continue to apply where any of
the substitutions shown below are made in the basic

combination.4

Basis of the table: Developed by the Department of Defense Explosives Safety Board Work Group on Explosive
Equivalents for Liquid Propellants. Tetranitromethane and nitromethane are known to be detonable. The net
weight of all nonnuclear mass-detonating explosives involved in any configuration, including component of nuclear

items, will be added to the above equivalencies, where applicable, in determining required separations. See

paragraph 5-26a(5) in Ref. 4 concerning equivalents for hypergolic combinations.

These are hypergolic combinations. (Fuel and oxidizers that will ignite with each other.)

The percentage factors used for the explosive equivalencies of propellant mixtures at launch pads and static test
stands were based on such propellants located above ground and unconfined except for their tankage. Other
configurations will be considered on an individual basis to determine applicable equivalencies

Substitutions, alcohols or other hydrocarbons substitute for RP-1; H,0,, F, BrFs, CLF3, OF,, or O3F substituted for LO,,
Monomethylhydrazine substituted for hydrazine or UDMH, or ammonia substituted for any fuel where hypergolic

combination results.
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TABLE 5-3. ESTIMATED UPPER BOUNDS ON TNT-EQUIVALENT WEIGHTS OF ELV PROPELLANTS

System

Atlas
Centaur

Delta

Booster
Stage 1
Stage 2
Stage 3

Titan Il

Stage 0
Stage 1
Stage 2
Transtage

Propellants

Composition

RP-1/LO,
LH/LO,

Solid (Castor IV)
RP-1/LOy
Aerozine 50/N>Q4
Solid

Solid (UTP-3001 B)
Aerozine 50/N;04
Aerozine 50/N,04
Aerozine 50/N,0q4

Notes on Basis for TNT yield:
(a) Recommended values for liquid propellants in AFR 127-100 (Table 5-14 0n pg. 72). It is recognized that these

recommended values are based on worst case scenarios and are thus conservative.
(b) Based on data in CIPA Handbook (Ref. 1) for SRM Impact Detonation History (Table 2-1 on pg. 2-6)

Basis
TNT Yield for TNT Equivalent
Weight, kib % TNT Yields Weight, kib
303 10 - 20 a 30-60
30.7 60 a 18
48-78
186 14 - 100 + b 26-186 +
179 10 - 20 a 18- 36
13 5-10 a 0.7-1.3
23 14 - 100 + b 0.3-23+
45-226 +
464 14-100 + b 65-464 +
294 5- 10 a 15- 29
69 5- 10 a 35- 7
9 5- 10 a 05- 1
84- 501 +

Note that the range of TNT yields vary from a lower bound of zero (i.e., no blast) to the upper values given above
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5.2.3 Damage Criteria

Bl ast waves fromacci dental expl osi ons can cause damage t o peopl e
and property (structures) by subjecting them to transient
crushing pressures and wi nds (which cause drag pressures due to
the sheer force of the wind). Even though the interactions of
the waves with the objects involve very conplex phenonena,
relatively sinple concepts have been used quite effectively to
correlate blast wave properties wth danage to a variety of
targets. The concept states that damage is primarily a function
of either the peak overpressure, the i npul se or sone conbi nati on
of these two factors.

Gui del i nes for peak overpressures required to produce failures to
structures such as shattering of glass wi ndows and coll apse of
concrete walls are presented in Table 5-4.(Y Note that a very
| ow pressure (force per unit area) is sufficient to cause damage,
mai nly due to the large area of such surfaces. Simlar criteria
are used in the hazard assessnent nodel used in Vol. 3, Ch. 10 of
this report.

Criteria for injury of personnel standing in the open are given
in Table 5-5.Y They cover ear drumrupture and | ung henorrhage
caused by overpressure and personnel blowlown caused by the
inpul se inparted by the blast wave, wth the concontant
potential of injury due to bruises, |l|acerations and bone
fractures. These data are presented in graphic formin Figure 5-
2 and Figure 5-3.( Note that:

. The overpressure required to cause damge decreases (as
expected) with the increase in the duration of the
positive phase of the blast wave.

. There IS a signi ficant variability I n t he
susceptibility of people to such overpressure. Such
variability can be accounted for statistically by
rai sing overpressure threshol ds to ensure hi gher | evel s
of lethality. This should be done carefully to
mai ntain a realistic approach to anal ysis.

Finally, blast wave characteristics (Section 5.2.1) can be
conbined with the present damage criteria in order to estimate
the extent of the damage (in feet) as a function of various
equi val ent wei ghts of TNT. Typical results are shown in Figure
5-4 for eardrum rupture, |ung danage, etc. Simlar data are
used in the next section and in Ch. 10, Vol.3 to illustrate the
assessnent of both property damage and personnel injury over a
range of accident conditions.
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Structural Element

Glass windows,
large and small

Corrugated asbestos
siding

Corrugated steel or
aluminum paneling

Wood siding panels, standard

house construction

Concrete or cinder-block wall
20.30r30.5¢m (8 or 12 in) thick
(not reinforced)

Self-framing steel
panel building

Qil storage tanks
Wooden utility
tanks

Loaded rail cars

Brick wall panel, 20.3 or 30.5cm
(8 or 12in) thick (not reinforced)

Failure

Shattering usually,
occasional frame failure

Shattering
Connection failure
followed by buckling

Usually failure occurs at
main connections allowing a
whole panel to be blown in

Shattering of the wall

Collapse

Rupture

Snapping failure

Overturning

Shearing and flexure
failures
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TABLE 5-4. CONDITIONS OF FAILURE OF PEAK OVERPRESSURE-SENSITIVE ELEMENTS (Ref. 1)

Approximate
Incident Blast
Overpressure

KPA (psi)

34-59
(0.5-1)

59-13.8
(1-2)

6.9-13.8
(1-2)

6.9-13.8
(1-2)

13.8-20.7
(2-3)

20.7-27.6
(3-4)

20.7-27.6
(3-4

345
(3-4)

483
@

48.3-55.2
(7-8)




TABLE 5-5. AIR-BLAST CRITERIA FOR PERSONNEL STANDING IN THE OPEN (Ref. 1)

Criteria

1% Eardrum
Rupture

50% Eardrum
Rupture

Threshold
of Lung
Hemorrhage

1% Mortality

No Personnel
Blowdown

50% Probability
of Personnel
Blowdown

1% Probability of
Serious Injury from
being Blown down

Physical
Parameters
Dose

Remarks

Direct Overpressure Effects:

23 kPa
(3.4 psi)

110 kPa
(16.0 psi)

69 kPa
(10.0 psi)

186 kPa
(27 psi)

Not duration sensitive except possibly
for durations of less than 1 msec.
Not a serious lesion.

Some of the ear injuries would be of
asevere form.

69 kPa (10 psi) applies to blasts of
long duration, over 50 msec; 138-207
kPa (20-30 psi) required for 3-msec
duration waves; not a serious lesion.

186 kPa (27 psi) applies to blasts of
long duration, over 50 msec; 414-483
kPa (60-70 psi) required for 3-msec
duration waves. A highincidence of
severe lung injuries.

Displacement Effects:

8.62 kPa-msec
(1.25 psi-msec)

57.2 kPa-msec
(8.30 psi-msec)

372 kPa-msec
(54 psi-msec)
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At this dynamic-pressure impulse, man
would attain a peak horizontal velocity
of 0.09 m/s (0.3 fps)

At this dynamic-pressure impulse, man
would attain a peak horizontal
velocity of 0.61 m/s (2.0 fps).

At this dynamic-pressure impulse, victim
would attain a peak horizontal velocity
of 4 m/s (13 fps); serious injury (bone
facture or rupture of internal organs)
could occur from impact with the
ground; high probability of minor
injuries such as bruises and lacerations.
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FIGURE 5-2. LETHALITY CURVES PREDICTED FOR 154 LB. PERSON IN FREE-STREAM SITUATIONS
(Ref. 12)
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FIGURE 5-3. LETHALITY AND DAMAGE/INJURY CURVES PREDICTED FOR 154 LB. PERSON IN FREE-
STREAM SITUATION (Ref. 12)
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5.2.4 Variation of Explosion Hazards with Tinme from
Liftoff

As noted, l|aunch hazards decrease with tinme into the flight.
This point is illustrated in this section for potential third
party danage due to an accidental explosion of an ELV. The
vari ations of other hazards with tinme are not discussed.

Data are used for a typical Delta ELV systemflight profile and
propel I ant consunption rate as a function of tine el apsed after
[iftoff.(® However, qualitatively, the discussion applies
equally well to other ELV systens.

The out cone of an accident is usually determ ned by the specific
circunstances present at the tine and |ocation of the accident.
Usual Iy, there are a nunber of variations for these circunstances
which can lead to a nunber of outconmes. In this illustration

the analysis is sinplified to focus on the effects of "tinme into
flight."

The cal cul ati ons presented bel ow are al so based on a nunber of
assunptions sel ected to nake the anal ysi s workabl e. For exanpl e,
for the sake of sinplicity, it is assunmed that all of the
propellants remaining on board wll explode instantly (this
corresponds to a worst case cal cul abl e expl osion scenario). In
reality, the situation is nore conplicated:

. sonme of the propellant may expl ode initially, producing
fragnments that may expl ode | ater upon inpact with the
ground (secondary expl osions);

. sone of the propellant may burn in a fireball; and

. sone of the hypergolic propellant nay disperse in the
envi ronnent w thout reacting, posing toxic risks or
di spersing harm essly.

Anot her exanple of a sinplifying assunption is to represent
di fferent circunstances occurring at various tinmes into flight by
sinply changing the TNT yield. The yield is increased when the
ci rcunstances (such as failure node, m xing rate or inpact speed)
favor a stronger explosion (as described in nore detail bel ow).

Not e t hat each scenari o can be associated with a vehicle failure
node and is likely to occur with a particular probability val ue
(Section 5.6). Thus, although the discussion below makes no
explicit nmention of probabilities, the predicted results are tied
to a particular probability val ue.
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Therefore, three key changes can be identified as tinme el apses
fromliftoff: the vehicle altitude (and down-range distance),
the quantities of propellants remaining on board and the
expl osive potential of these propellants. These changes are
illustrated in Figure 5-5 and are di scussed bel ow.

120
100 & N Altitude,Nmi(A) | a—a
< & Remaining Propellant Wt. % (B) | m....m
L} Remaining Explosive Power,Ton(C) | ®----¢

0 40 80 120 160 200 240 280 320
Time after liftoff, sec.

FIGURE 5-5 POTENTIAL EXPLOSION HAZARD AS A FUNCTION OF TIME (DELTA ELV)
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irst, the vehicle altitude increases very rapidly withtine into
l[ight -- reaching roughly 20 nm in the first 2 mnutes, as
I[lustrated by curve A in Figure 5-5, which shows a typical
flight profile for a Delta mission.(*® Furthernore, the | ocation
of launch sites and the direction of [aunch are usually sel ected
so the vehicle noves away from popul ation centers. Thus, the
"separation"” distance between the vehicle and the communities
potentially vul nerable, in case of a vehicle accident, increases
with tine.

E
f
i

Second, as tine el apses fromliftoff, the quantity of propellants
remai ning on board decreases very rapidly due to their rapid
consunption by the rocket booster and other engines. The total
wei ght of all propellants remaining on board is illustrated by
Curve Bin Figure 5-5. Note that the total remaining propellant
wei ght decreases by about 50%within 2 mnutes fromliftoff.

Third, the explosive potential (or TNT yield) of a given quantity
of propellant may change as tine elapses from liftoff. As
di scussed earlier (Sec. 5.2.2), the TNT yield of a propellant in
an acci dental expl osion depends on its properties, as well as on
a variety of other factors, determined by the details of the
acci dent scenario. Exanple of such factors include: the sizes
of solid propellant fragnents their inpact speed, the rate and
extent of mxing of liquid propellants, the degree of
confinenment, etc. |In fact, the significance of TNT yields, how
they are estimated and the pertinent ranges of values given in
the published literature were discussed in Section 5.2.2.

Determnation of TNT yield at various tinmes after liftoff
requires an extensive analysis. First, identify the type of
failures and accident scenarios that are likely to occur and
second, estimate the yield for each scenario and each propel |l ant
system based on historical accident data, test data, experience
and engi neering judgnent. Such an analysis was done for the
Space Shuttle system by the Expl osive Equi val ency Wrking G oup
established by NASA in 1978, as discussed in Section 5.2. 2.
| deal |y, the sane type of analysis for each ELV type i s needed to
establ i sh pertinent explosive yields were the accident to occur
at various times fromliftoff. However, for sinplicity, another
approach which is not as rigorous, but may suffice, is used to
illustrate the explosive yield dependence on tinme fromliftoff.

Table 5-2 in Section 5.2.2 lists upper limts for TNT yields for
ELV propellants reported inthe literature. The | ower bound for
these yields is zero (%, since the propellants nmay react or burn
wi t hout produci ng nmechani cal damage. The range of upper val ues
for the Delta vehicle propellants are:
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. 10 to 20% for RP-1/LOX (Stage 1)

. 5 to 10% for Aerozine-50/NGO, (Stage I1)

. 14 to 100% for the solid rocket notors (Booster and
Stage I11)

Note that each point within these ranges can be associated with
a particul ar accident scenario which, in turn, may be associ at ed
with a specific time fromliftoff. For exanple, when a vehicle
(or its fragnents) falls back on the pad soon after liftoff, the
speed at ground inpact is a key factor in determning the
i kelihood of detonating the solid propellants. It is known that
an inpact speed of 300 ft/sec is required to detonate solid
propel | ants and produce significant yields. [In order to reach
such term nal speeds in free-fall, a vehicle would have to start
at an altitude of approximately 1400 ft (assum ng no drag). This
altitude would be reached in about 12 seconds after liftoff.
Thus, if the vehicle falls back onto the pad in the first 12
seconds (or so), a lowyield is anticipated, while if it falls
back at a later tine, a higher yield is anticipated. Follow ng
this reasoning, the yields corresponding to these two situations
are assuned (for sinplicity) to be the upper and | ower val ues of
the ranges |isted above for the three propellant types in the
Delta vehicle. Thus, the yields would be:

. 10, 5 and 14% (respectively for the 3 types of
propellants) in the first 0 to 12 sec after |aunch;

. 20, 10 and 100% respectively, at later times into
flight.

By multiplying these yields with the anount of propellants
remai ni ng on board, the potential explosive energy (in ternms of
equi val ent pounds of TNT) is estinmated as a function of tine from
[iftoff as illustrated by Curve Cin Figure 5-5. Note that the
expl osive potential starts at a |ow value (because of the |ow
yield); then increases because of the increase in yield
corresponding to higher inpact speed; finally it decreases
because of the decrease in the quantity of propellant remaining
on board.

Using the potential explosive energy determ ned above, the
overpressure field around the explosion point was estimted
follow ng the analysis outlined in Section5.2.1. It was assuned
that the entire vehicle will explode at altitude and as one nass
(a nore realistic assunption is a smaller explosion in flight,
breaking up the vehicle in fragnments that wll explode upon
ground i npact). It was also assunmed that any reflection or
focusi ng of the shock wave woul d have a negligible effect on the
overpressure field.
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For these assunmed expl osion conditions, the "hazard" distances at
which critical overpressures are reached are shown as a function
of time in Figure 5-6. Three overpressure |evels are used:

. 1.5 psi, for collapse of Iight weight structures (Curve
B)

. 0. 35 psi, for wi ndow breakage wth a probability of 50%
(Curve Q)

. 0. 20 psi, for wi ndow breakage wwth a probability of 10%
(Curve D)

The vehicle altitude fromFigure 5-5is also shown as Curve Ain
Figure 5-6 for reference.

8 Altitude,Nmi. (A) e

Distance,Nmi.(1.5 psi) (B) g---8

Distance,Nmi.(0.35si) (C) A A

6 - Distance,Nmi. (0.2 psi) (D) X=X

Time after liftoff, sec.
FIGURE 5-6 OVERPRESSURE AS A FUNCTION OF TIME (DELTA ELV)
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In Fig. 5-6, the hazard distances first increase with tine, and
then decrease -- following the behavior of the potential
explosive energy profile which is showm 1in Fig. 5-5.
Furthernore, Fig. 5-6 can be interpreted as foll ows:

. in approximately the first 25 seconds, damage such as
w ndow breakage 1is possible in a distance of
approximately 1 nm from the launch pad (or the
| ocation of vehicle inpact with ground).

. at later tines, key scenarios are:

a- all the propellant explodes at the vehicle
altitude. The potential nechanical damage at ground
level is negligible (even if maxi numyield is assuned)
because of the high altitude of the vehicle and its the
| ar ge separation from ground.

b- the vehicle falls back to Earth as one piece and
expl odes. This is a very unlikely scenario since the
vehicle wll breakup under the aerodynamc forces
produced by the fall. Even in such a worst case
scenario, Figure 5-6 suggests that the naxinmum
overpressure distance will be less than 1 nm in the
first 25 to 60 sec tinme frame; nuch snaller yet at
|ater tinmes because of the rapid consunption of
propellants with time of flight. The |location of the
i npact point will be governed by vehicle trajectory
during the fall, which in turn depends on a nunber of
factors as discussed in Section 5. 3.

C- the vehicle breaks up at altitude, producing
fragnents, sonme of which nmay detonate as they inpact
ground. The hazard of itemb above is now distributed
over a broader region determ ned by the inpact points
of the fragnents. The overpressure hazard distances
around each inpact point will be smaller than in b
above. They will depend on additional factor such as
nunber and size of fragnments and their rates of
consunption during their fall. This is further
di scussed in Section 5.3.

O f-range damage in any of the above cases will depend on the
presence of popul ation centers within a radius (of the expl osion
center) equal to the above distances (see Sec. 5.6).

CGenerally, the hazard from propellant explosion decr eases
rapidly with tinme into flight, except for the first 10 to 25
seconds. Activation of the Flight Termnation Systemis likely
to further reduce such expl osion hazards by dispersing the
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propellant. Typically, the FTSis not activated during the first
8-12 seconds (depending on ELV, mssion and site) in order to
avoi d damage to the pad facilities. This subject is discussed in
nore detail in Ch. 3, Vol. 1 and Ch. 10, Vol. 3.).

5.3 DEBRI S HAZARDS

A debris hazard exists even for a normal successful [|aunch,
primarily fromjettisoned stages, shrouds and ot her conponents.
These can be expected to inpact wthin the inpact |imt
boundaries of the flight corridor. The flight corridor is
speci fi ed by appl yi ng safety considerations to the m ssion flight
requi renents, as discussed in Ch. 2, Vol. 1. Thus, hazards which
cannot be elimnated are controlled. Since the launch facilities
are located so that the vehicles wll fly over largely
uni nhabited areas and oceans, the risks to third parties in
normal operational situations are very |ow .

A debris hazard also exists due to failure nodes such as
mal function turns (fromgradual to tunbling turns) and prenature
thrust termnation (from an accidental subsystem failure,
commanded thrust term nation or conmmanded vehicl e destruction).
Debris may be created either from breakup of the vehicle due to
excessive aerodynamc pressure or explosion (accidental or
commanded destruct). Major issues in assessing debris hazards
include: what is the nunber, weight and shape of fragnents?
VWere will they land? Wat is their inpact force upon |andi ng?
What is their inpact in terns of structure penetration and
lethality?

II'lustrative exanpl es of debris data fromsel ected space vehicle
expl osions and test data (occurring at or near ground | evel) are
shown in Figure 5-7 and Figure 5-8. These figures showthe total
nunber and wei ght distributions of fragnents (respectively) as a
function of range (i.e., distance). These distances were
determ ned by the forces of the expl osions.

Clearly, when a vehicleis inflight at significant altitude, the

debris will land over a nuch |larger area than in Figures 5-7 and
5-8. The distribution of debris inpacts is dependent upon the
forces acting on the fragnents. Initially, the velocity vector

of the vehicle is of primary inportance and this contribution is
affected by the velocity vectors resulting from the turns,
tunbl ing and/or expl osions. Thereafter, the effects of the
at nosphere on the fragnents during free fall (which depend on
wi nd and the fragnment size, shape and mass) becone inportant.
These issues lead to uncertainties in the fragnent i npact
di stribution which can be attributed to four basic sources:

(1) wuncertainty in the vehicle state vector at vehicle
breakup or destruct;
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(2) uncertainty in any destruct velocity inparted to the
fragment by a destruct system (or explosive failure);
(3) uncertainty in the atnospheric environnment during free

fall; and
(4) uncertainty in the fragnent size, aerodynamc lift and
dr ag.

Furthernore, inpacting |aunch vehicle fragnents can be divided
into four categories:

(1) inert pieces of vehicle structure;

(2) pieces of solid propellant (sonme of which may burn up
during free fall);

(3) vehicle structures which contain propellant (solid or
liquid) that may continue to burn after landing (but are
non- expl osive). They pose the risk of starting secondary
fires at the inpact points; and

(4) fragnents which contain propellant and which can
expl ode upon inpact (if their inpact velocity is greater
than roughly 300 ft/s).

The casualty area of an inpacting fragnent is the area about the
fragnment inpact point wthin which a person would becone a
casual ty. Casualties nmay result from a direct hit, from a
bouncing fragnent, froma collapsing structure resulting froman
inmpact on a building or other shelter, from the overpressure
pul se created by an explosive fragnent, froma fire or toxic
cl oud produced by the fragnent or sone conbination thereof. The
hazard area is increased if a fragnment has any significant
hori zontal velocity conponent at inpact which could result in
bounci ng or other horizontal notion near ground |evel.

Casualty area is also affected by the sheltering of people by
structures. Structures may be divided into classes (for
conput ati onal purposes) depending on the degree of protection
t hey can afford.

Clearly, estimating a casualty expectation is a conplex
conput ati onal problem Different Ranges approach the problemin
di fferent ways depending on the needs of the Range. Conmput er
nodel s may be used, but the sophistication varies greatly from
Range to Range. A conputer nodel called LARA (Ref. 9) treats
casualty areas analytically and is presented in other chapters
(Vol. 2, Ch. 4, and Vol. 3, Ch. 10).

5.4 FI RE HAZARDS

The fire hazards of accidentally released solid and liquid
propellants depend on the details of the accident scenario
including: the thernodynam c state of the propellant, the anount
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of the rel ease, vehicle |location and speed (on | aunch pad versus
in flight), the presence of confining surfaces and ignition
sources, etc. The najor types of fires that can devel op are:

. Fireball: where burning occurs in a ball of fire that
expands and rises in the air (due to buoyancy forces)
until the propellant is consuned.

. Pool fire: where afilmof propellant is fornmed on the
ground and burns with a flame attached to the film
. Vapor cloud fire: whereignitionis delayed and vapors

are carried away by prevailing winds, thus formng a
flammabl e cloud that may ignite at a later tine.
. Various conbi nati ons of the above fires.

These fires are di scussed bel ow.
5.4.1 Fireballs

Fireballs are produced when the propellant is quickly vaporized
or atom zed. These conditions include flash vaporization of
pressurized liquids and releases during flight at high speed.
The vapors or fine droplets can then rise under the effects of
buoyancy as they burn in the fireball

The main damage nechanism is thermal radiation to people and
property. Another damage nechanismis firebrands from burning
solid propellants and hot debris which mght start secondary
fires where they and. A third damage nechani smis i npact damage
by vessel fragnents which have been reported to travel |arge
di stances. Overpressure nmay al so devel op due to the initial high
rate of energy rel ease associated with vessel failure, but it is
usual ly insignificant.

The damage potential depends on key fireball parameters such as
diameter, rise rate, duration and tenperature or em sSive power.
These paraneters have been quantified in several experinental and
anal ytical studies.® In fact, the ball dianmeter was found to
scale roughly wth the 1/3 power of the weight of released
propel | ant.

The chem cal conposition of the products of conbustion depend on
the chem cal conposition of the propellants. The conbustion
products contain mainly water vapors and oxides of carbon and
nitrogen. Thermal radiation emtted in the formof water vapor
will be (partly) reduced by noisture absorption in the
at nosphere. The transmtted radiation can inpact people and
structures. Table 5-6 shows critical radiation fluxes required
to cause burn injury and start secondary fires (such as by
igniting fuels placed inside and outside buildings). Note that
as the exposure tine increases, the required radiant flux
decreases, as expected.
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TABLE 5-6. MINIMUM CRITICAL RADIANT EXPOSURES NECESSARY TO IGNITE OR DAMAGE
VARIOUS TARGETS (Source: Ref. 1)

CRITICAL IRRADIANCE, Btu/ft2sec (cal/cm?2sec)

Exposure  Int. Building Ext. Building Open Stacks of
(seconds) Fuel Fuel propellants
10 5.89 {1.60) 4.64(1.26) 2.77 (0.75)
20 3.91(1.06) 3.87(1.05) 1.99 (0.54)
30 3.02(0.82) 3.50(0.95) 1.62 (0.44)
40 2.62(0.71) 3.28(0.89) 1.40 (0.38)
50 2.32(0.63) 3.13(0.85) 1.29 (0.35)
60 2.21(0.60) 3.02(0.82) 1.18 (0.32)
70 2.18(0.59) 2.88(0.78) 1.11 (0.30)
80 2.14(0.58) 2.80(0.76) 1.03 (0.28)
90 2.10(0.57) 2.69(0.73) 0.92 (0.25)
100 2.06 (0.56) 2.65(0.72) 0.88 (0.24)
110 2.03(0.55) 2.62(0.71) 0.85 (0.23)
120 1.99 (0.54) 2.58(0.70) 0.81 (0.22)
130 1.95(0.53) 2.54(0.69) 0.79 0.215)
140 1.92(0.52) 2.51(0.68) 0.77 (0.21)
150 1.88(0.51) 2.49(0.675) 0.756 (0.205)
160 1.84 (0.50) 2.47 (0.67) 0.74 (0.20)
170 1.84(0.50) 2.45(0.665) 0.719(0.195)
180 1.84 (0.50) 2.43(0.66) 0.712(0.193)
190 1.84(0.50) 2.41(0.655) 0.708(0.192)
200 1.84 (0.50) 2.40 (0.65) 0.70 (0.190)
300 1.84(0.50) 2.33(0.631) 0.659(0.179)
600 1.84(0.50) 2.29(0.621) 0.641(0.174)
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Human Beings Aircraft
8.33(2.26) 479 (1.30
5.77(1.51) 2.39 (0.65)
4.39(1.19) 1.59 (0.43)
3.72(1.01) 1.40 (0.38)
3.32(0.90) 1.22 (0.33)
3.09(0.84) 1.03 (0.28)
2.91(0.79) 0.94 (0.255)
2.80(0.76) 0.856 (0.235)
2.69(0.73) 0.81 (0.22)
2.58(0.70) 0.77 (0.21)
2.47(0.67) 0.756 (0.205)
2.36(0.64) 9.74 (0.20)
2.29(0.62) 0.726 (0.197)
2.21(0.60) 0.719(0.195)
2.14(0.58) 0.704(0.191)
2.06(0.56) 0.697(0.189
1.99 (0.54) 0.693 (0.188)
1.95(0.53) 0.689(0.187)
1.92(0.52) 0.686 (0.186)
1.92(0.52) 0.682(0.185)
1.92(0.52) 0.667(0.181)
1.92(0.52) 0.645 (0.175)




5.4.2 Pool Fires

Pool fires are produced when |iquid propellants are accidental ly
spilled on the ground such as:

. froma vehicle in pre-launch phase: this scenario is
out side the scope of this study since its inpact is not
likely to extend outside the Range boundari es.

. fromground operations such as propellant transport to
t he Range and storage, handling and transfer within the
Range. In this case, the inpact nay occur outside the

Range boundary.

A spilled liquid will spread on the ground under the effect of
gravity, filling small-scale crevices in a ground with surface
roughness or | arge-scale depressions in an undul ating terrain.
Wi | e spreadi ng, cryogenic propellants (such as |iquid hydrogen

and oxygen) will boil violently due to heat transfer from the
relatively warm ground. A propellant at anbient tenperature
(such as RP-1) wll evaporate nore slowy. Sonme flash

vapori zation of cryogenic liquids will also occur because their
vessels are usually maintained at slightly above atnospheric
pressure.

I gnition produces a pool fire wth a flanme base which spreads
along with the liquid filmand a flane hei ght determ ned by the
rate of evaporation and the rate of m xing of fuel and oxidi zer.
The overall character of such a pool fire is essentially a
turbulent diffusion flanme which may continue to expand on fl at
ground (or remains stationary if the liquid has accunmulated in a
depression area) until it runs out of fuel.

The danger of pool fires consist of thernmal radiation to people
and property (as in the case of fireballs) and direct flame
i mpi ngenent on structures near the fire.

5.4.3 Vapor Coud Fires

In the pool fire scenario described above, if:

. the Iiquid pool does not ignite imediately after the
rel ease, because of |ack of an ignition source; and

. t he rel eased propell ant has a hi gh vapor pressure such
as liquid hydrogen, oxygen, nitrogen, air or nethane
whi ch boil due to heat transfer from the environnment
and not froma fire;
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then, a | arge anount of vapor will be produced and transported by
prevailing winds to forma vapor cloud. In this scenario, the
resulting cloud is elongated in shape and is called a "plune".
Its | eadi ng edge advances with the wind and its trailing edge is
formed at the evaporating pool (the source of the vapors). As
t he | eadi ng edge noves further downw nd, anbient air is entrained
inthe cloud, thus increasing its vol unme and decreasi ng t he vapor
concentration. This process is called atnospheric di spersion and
i s discussed further in the next section.

|f a flanmabl e cl oud encounters an ignition source, a fire wll
spread through the <cloud, engulfing in flames whatever is
contained in the cloud. This is referred to as a vapor cloud
fire. Under sonme conditions (particularly the presence of
obstructions or confinenment in the cloud) overpressure can be
produced, posing the added risk of nechani cal danage.

Alternatively, as the cloud disperses, the vapor concentration
may drop below the flammable limt prior to encountering an
ignition source. Thus, the hazard is dissipated w thout any
adver se i npact.

5.5 TOXIC VAPOR CLOUDS

The evaluation of the toxicity of any material is a very conpl ex
subject. Toxicity data are very sparse and questi onabl e except
for the commobn toxins. When avail able, they are usually for
conti nuous exposures as one would find in a factory environnment
and not for the short exposures characteristic of |aunch
oper ati ons.

Still, the issue is of great interest because toxic materials nmay
be rel eased during ELV | aunches as conbusti on products, or in the
event of an accident, as unconbusted propellants. The nost
notorious ones are hypergolic liquid propellants such as
nononet hyl hydrazi ne, Aerozine-50 and nitrogen tetroxide.

Their chem cal properties and toxic Threshold Limt Val ues (TLV)
are listed in Appendix B along with other characteristics of
i nterest. If such materials are released in the environnent,
they may be carried by the wind and travel w ndward as they
di sperse. This atnospheric dispersion is described bel ow

5.5.1 Atnospheric D spersion

Over the years, the subject of atnospheric dispersion has been
studi ed extensively in connectionwith air pollution studies from
power plants and autonotive vehicles. These studi es addressed
the case of continuous releases from normal operations where
pol I utant concentrations were nonitored over |ong periods of
tinme.
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In this study, the interest is mainly in larger uncontrolled
"I nstant aneous" rel eases (as would occur in an accident). Then,
a |l arge anount of potentially noxious vapor may be produced and
transported by prevailing winds to forma vapor cloud. There are
two main types of vapor cl ouds:

. a "plunme”": an elongated cl oud whose the | eadi ng edge
travels with the wind, while the trailing edge renmains
stationary at the source of the vapors. Condi ti ons
whi ch produce a plune are described in the preceding
section;

. a "puff": a nore or |less spherical cloud where both
| eading and trailing edges nove toget her downw nd.

In reality, a conbination of these two cloud geonetries my
occur, dependi ng on accident conditions.

As the cloud travels downw nd, anbient air is entrained in the
cloud; this increases its volune and decreases the vapor
concentration. The process can be further conplicated by
chem cal interactions anong hypergolic vapors and between vapors
and entrained air.

Such cases of large "instantaneous" releases have also been
studi ed experinmental ly. Large scale tests involving the spillage
of large quantities of chemcals were carried out and
concentrati ons were neasured downw nd. The nost notable tests,
carried out as part of national and international prograns
i ncl ude: (3V

(1) the liquefied natural gas (LNG dispersiontests at the
Naval Weapons Center, China Lake, California, for the
US Departnent of Energy;

(2) the ammonia spill tests at the above |ocation for the
Fertilizer Institute and the US Coast Cuard,

(3) the Porton Down tests in England involving the
i nst ant aneous rel ease of Freon,;

(4) the heavy gas dispersion trials on behalf of the Health
and Safety Executive of the British Governnent and
ot her participants; and

(5 the LNG spill tests conducted by Shell UK Ltd. at
Mapl i n Sands, Engl and.

Based on such tests, it is recognized that cloud dispersion
depends mainly on:
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. anbi ent conditions such as wi nd, atnospheric stability
and | ocal terrain.

. t he buoyancy of the vapor cloud. It is inportant to
determ ne whether the cloud is Iighter or heavier than
air because the fornmer will disperse nuch faster than
the latter. The presence of aerosols (fine droplets
sprayed from the spilled liquid) increases the
effective density of the cloud and nodifies its
di spersion characteristics. Also, cloud density my
vary in space and tine so that sone portions may be
lighter than air and others heavier.

. the size and |l ocation of the release, i.e., whether it
is on ground | evel (froman accident on the | aunch pad)
or from an elevated altitude (from an accident in
flight).

There are several nodels in the literature describing the
di spersi on behavi or of heavier-than-air gases under a w de range
of conditions.(*a b ¢ Npdels which discuss the dispersion of
vapors released passively (as from a boiling pool of |iquid)
i ncl ude Van U den, (*® Britter,(® and Col enbrander.(!” There are
al so nodels inthe air pollution literature dealing with rel ease
of neutral and positively buoyant vapors from stacks.

In general, the dispersion of vapors in the far-field (after
sufficient dilution) can be predicted with reasonabl e accuracy by
the standard Gaussian nodels of Pasquill(® and Gfford. (19
However, in the near-field, these nodels have to be nodified to
take into account the effects of initial gravitational spreading,
jet mxing or the effects of aerosol evaporation. (29

5.5.2 Rocket Exhaust Products

Most of the conmbustion products fromrocket engi nes are harnl ess
or unlikely to exist in concentrations which would affect the
health and safety of third parties. These conbustion products
may i ncl ude:

wat er and wat er vapors
nitrogen

hydr ogen

car bon npnoxi de and di oxi de
hydr ogen chl ori de

al um num oxi de

O these conbustion products, carbon nonoxide and hydrogen
chloride may be considered hazardous. Al um num oxide is not
toxic, but may contribute to certain lung diseases if exposure
persists over tine. The remaining conbustion products are not
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dangerous unless present in sufficient concentration to cause
asphyxi ation, which is not the case. Threshold Limt Values
(TLV) for major conbustion products are given in Table 5-7 for
vari ous exposure durations for both controll ed (Range personnel)
and uncontrolled (third party) popul ations.

For illustration, Figure 5-9 shows results froma nodel using the
NASA/ MSFC (buoyant-rise, nmultil ayer dispersion nodel of exhaust
products) to conpute peak instantaneous concentrations of
hydrogen chloride as a function of downw nd di stances fromthe
| aunch pad for sea breeze neteorol ogical conditions and certain
vehi cl e configurations. Al so, Figure 5-9 shows the exposure
criterialimt (as given in Table 5-7) for 10 m nut e- exposure of
uncontrol |l ed popul ations (third parties). Note that this limt
is not exceeded at downw nd di stances of interest. In 1985, the
Comm ttee on Toxicol ogy, Board on Toxicol ogy and Environnental
Heal t h Hazards, Comm ssion on Life Sciences, National Research
Counci | published a docunent entitled "Enmergency and Conti nuous
Exposure Level s for Sel ected Ai rborne Contani nants," Vol une V. (209
Thi s docunent updates recommendati ons for public exposure to the
hydrazines and creates a new category, Short-term Public
Emergency Quidance Levels (SPEG's) for up to 24 hours for
hydrazi ne propellants. The data in this docunent affects val ues
for the uncontrolled popul ati on exposure to hydrazine shown in
Tabl e 5-7.

5.5.3 Rel eases During Accident Conditions

In the case of a near-pad explosion, all of the propellant is
unlikely to be conbusted. Thus, a vapor cloud containing vapors
and aerosols of hydrazine, nitrogen tetroxide and hydrocarbon
fuels mght result. Oher chem cals such as fuel additives and
contam nants may al so be present. These materials are toxic (see
TLV values listed in Appendix B) and in high concentrations may
cause adverse health effects, particularly if neteorological
conditions at the tinme of the accident do not favor rapid
di spersion to bel ow toxic |evels.

The Titan 34 D explosion at WBMC of April 18, 1986, produced a
vapor cl oud cont ai ni ng toxic Aer ozi ne-50 (Unsymmetric
di met hyl hydrazi ne and hydrazine blend) and nitrogen dioxide.
There was no verified exposure of third parties to toxic
concentrations exceeding established limts. However, reports
i ndi cate that doctors exam ned 74 peopl e for possi bl e exposure to
the cl ouds and two were kept in the hospital for observation (see
al so Ch. 10).
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10.0

N\, 1
AN PUBLIC EXPOSURE CRITERIA
CONTROLLED POPULATION:
8 HOURS
\ UNCONTROLLED POPULATION:
\\ 10 MINUTES
SCOUTD \
1.0
Peak
Instantaneous \
Concentration \
of HCI (ppm)
¢ TITAN HIE/CENTAUR
0.1
0.01 1x 10K 100K
Downwind Distance from Launch Pad (meters)
NOTES
! The concentrations for for the 3, 6 & 9 Castor Deltas fall within the shaded area
2 To convert meters to statute miles, multiply by 6 2 x 104,

FIGURE 5-9. ESTIMATED PEAK HCI CONCENTRATIONS DOWNWIND OF LAUNCHES (SEA BREEZE
METEROLOGICAL CONDITIONS) Ref. 14
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Depending on their chemcal properties (see Appendix B)
accidentally released vapors may only be flammable (e.g.,
hydr ogen) or also toxic (e.g., hydrazine and nitrogen tetroxide).
The Threshold Limt Values (TLV) for exposure to various toxic
propel l ants or their conbustion products, shown in Table 5-7 and
Appendix B, are on the order of 0.1-100 ppm while typical
flammability |limts are on the order of 1-10% (i.e., 10, 000-
100, 000 ppn . Because the m ninmum vapor concentrations wth
toxic inpacts are nuch bel ow those required to sustain a fl ane,
the potential size of a toxic cloud is nmuch greater than that of
a flamable cloud. Accordingly, for equal anpbunts of released
propellants, the potential for toxic inpacts is of greater
concern than for fire damage.

5.6 OFF- RANGE | MPACTS ASSOCI ATED W TH ELV OPERATI ONS

This section presents a sunmary di scussion of the potential off-
range inpacts associated with ELV operations (See Table 5-8).
Potential ELV hazards were discussed in this chapter with no
explicit mention of the associ ated probabilities. However, each
hazard is tied to a particular probability value -- that of the
occurrence of the enabling conditions. This fact should be
remenbered in assessing the significance of potential off-range
i npacts. The subject of assessing inpacts fromthe perspective
of both their magnitude and probability is referred to as Ri sk
Anal ysis, and it, along with the vari ous nethods used to quantify
risks, is discussed in detail in Chs. 8 and 9, Vol. 3.

Illustrative exanples of the application of Failure Analysis
met hods to space systens are given in Ch. 9, Vol 3. They are
typically focused on a specific phase of |aunch operations and
are rarely integrated, as is attenpted (qualitatively) bel ow.

Exanpl es of the results fromsuch a prelimnary hazard anal ysi s
are given in Table 5-8 for the main phases of ELV operations:
pre-launch, | aunch and pre-orbital. As usually done, the failure
types are classified in a manner conpatible with the availability
of data. For exanple, in Table 5-8, all failures leading to
vehicle break up in flight,are | unped i nto one category for which
afailure rate may be estimated based on historical data for each
ELV.

Hazard Analysis is then used to anal yze the consequences of the
types of accidents identified in Failure Analysis. These
consequences include explosion, fire, toxic vapor clouds and
inert debris. The principles of physics and chem stry are used,
along with data from historical experience, testing and
engi neering judgnent, to describe the hazards and potential
i npact severity. For exanple, the strength of an explosion or
fire may be descri bed and associated with potential danages
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TABLE 5-8 ADVERSE OFF-RANGE ACCIDENT IMPACTS FOR VARIOUS PHASES OF SPACE LAUNCH

OPERATIONS
) Potential Off-Range Impacts*
Phase/Tque, Selected ELV Probability of
sec. after lift- . )
off Failure Types Failures Exolosi i Toxicity@ Inert
xplosion ire city Debris
Pre-launch
Storage tanks Improbable (a) (a) (b) N/A
Small Leaks Occasional (a) (a) (a) N/A
Launch
0-12 Fallback/Tipover | 0.04-0.1 () (c) (d) (b) (d)
25-70 Thrust/Guidance 0.04-0.1() (e,f) (e,f) (e,f) Ec =
Failure and 2.3XE-8
Break-upin with FTS
flight (Near
ESMC, h)
70-400 Thrust/Guidance 0.04-0.1()) (9) (9) (9) Ec =
Failure and 4.0XE-3
Break-upin without
flight FTS (near
ESMC, i)
Pre-orbital
Thrust/Guidance (g) (9) (9) Ec =
Failure and 8.0XE-7
Break-upin regardiess
flight of FTS
(Over
Africa, 1)
NOTES:

*

Risk can be described by number of casualties (or dollar loss) weighted by its probability, or by an expected casualty Ec.
The probability depends on the failure mode and accident rates and other accident circumstances.

For hypergolic propellants only

Large separation distances in Range siting and propellant storage preclude such hazards.

Possible with very large releases and adverse meteorological conditions.

Depends significantly on yield which in turn depends on accident scenario; window breakage is possible
Nolikely impacts off-range

Remaining fuel and hazard decrease rapidly astime ellapses after launch

Hazard depends on number of fragments, size and impact points.

Remaining propellant (if any)is likely to dissipate in flight.

Ec = expected casualties perlaunch Ref 22

Ec = expected casualties perlaunch (see Sec. 9.1)

Based on historical failure rates of al| ELVsasgiveninCh. 3

Ecfrom Table 9-1,Ch. 9

N/A = Not Applicable

Ta ~o a0 oo g
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(by overpressure or heat) to people and/or property. Estimtes
of the magnitude of the potential damage may be expressed in
terms of an inpact area (or footprint) surrounding the |ocation
of the accident.

To do so, a range of possible accident circunstances have to be
specified to allow a quantitative estimation. A further break
down of the hazards in various ways nay be needed to nake the
anal ysis tractable. For exanple, in Table 5-8, the hazards are
di vided into those (explosion, fireball and toxic rel eases) that
may occur while the vehicle is in flight, versus those occurring
when the vehicle or its fragnents inpact the ground. The break-
down of consequences in Table 5-8 varies with tine during the
| aunch phase. As tine elapses after liftoff, the quantities of
propellants on-board w Il decrease, thereby affecting their
potential hazards. This was discussed in detail in Section 5.2.4
for expl osion hazards.

Risk Analysis is finally used to describe (for a particular
activity) both the probabilities of accidents and the possible
damages or |osses associated wth them accounting for
uncertainties in the occurrence of the accidents and in the
ci rcunstances surrounding them For exanple, there are
uncertainties as to what accident is likely to occur at a
particul ar | ocation and how nmany peopl e woul d be present at that
| ocation at the time of the accident. A set of circunstances is
defined (scenario) and their probability is estimted. For each
set, the results of the Failure Analysis (frequency of an
accident) and Hazard Analysis (area of danmge) are conbined to
estimate an expected danmage (e.g., a nunber of people affected
with a particular frequency per year or per event). The overal
outcone of the analysis is a probability distribution function
(PDF) for the potential damages that can be associated with a
particul ar hazardous activity. An expected value for potenti al
damage (e.g., casualty expectation, E) is often calculated from
that probability distribution.

Such expected casualty values have been estimated in an
approxi mate manner for ELV-type vehicles, but only for a few
specific scenarios involving inert debris hazards as shown in
Tabl e 5-8, nanely:

. inert debris risks during the first 10-70 sec of
 aunch, with and wthout a Flight Term nation
Syst em (22

. inert debris risks during pre-orbital operation

with and without a Flight Term nation System
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In Table 5-7, note that for the scenarios involving explosion,
fire and toxic hazards, only a qualitative description of the
potential off-range inpacts is given because either their
probabilities or magnitudes have not been quantifi ed. These
descriptions are given as footnotes in Table 5-8, to summarize
key considerations in understanding these inpacts and of their
determ ning factors.

5.7 PERSPECTI VES ON THE MAGNI TUDE OF THE HAZARDS ASSOCI ATED
W TH ELV PROPELLANTS

In the previous sections, the major hazards associated with ELV
propell ants were discussed. There are a nunber of hazards
(expl osions, debris, fires, toxic vapor clouds) each of which
depend on a nunber of paraneters such as propellant properties,
quantity, node of release, etc. Cearly, these hazards are very
conplex and nulti-dinensional. 1In this section, a fewreference
points are provided to place these hazards in perspective
conpared to nore fam liar hazards. Only a partial perspectiveis
provi ded because:

(a) the focus here is on the nmagnitudes of these
hazards and not on their probabilities or
I'i kel i hood of occurrence. This is addressed in

Chs. 9, 10, Vol. 3, where a nore conplete
di scussion of public risk perspectives is provided.

(b) the conparison with other hazards is presented in a
very sinplified fashion, focusing only on sel ected
di nensi ons of the hazards.

In sinple ternms, concern with ELV propellant hazards can be
attributed to the follow ng factors:

(1) rocket propellants are highly energetic fuels and
nost are inherently hazardous;

(2) large quantities of propellants are involved in
space | aunch operations; and

(3) launch operations are inherently conplex and have
many potential failure nodes.

The follow ng discussion places these concerns in their proper
per specti ve.

First, propellants such as |iquid hydrogen, |iquid oxygen and RP-
1 have been used extensively in the chem cal industry. They have
been processed, transported and stored for several decades with
a remar kabl e safety record. Also, the chem cal industry uses (on
a daily basis) chem cals which are even nore hazardous than ELV
propel l ants, such as acetyl ene and et hyl ene oxide (which are

5-42



extrenely expl osive) and hydrogen chl ori de and hydrogen cyani de
(which are extrenely toxic).

Sel ect ed key properties which affect the hazard potential of such
chem cals are listed in Appendix B and in Table 5-9. Note that
the range of propellant properties are sonetines exceeded by
ot her chem cal s. For exanple, the flamuability limts of
acetyl ene and ethylene oxide are wi der than those of hydrogen.
In addition, these two chemicals can react autocatalytically
W t hout the need for an oxidizer, if initiated by heat, pressure
or shock. On the other hand, hydrogen requires oxygen to react.
Cenerally, the broader the flammbility range, the easier it is
to create a fire or an explosion. Thus, these two chem cals are
nore likely to ignite than hydrogen.

Second, the quantities of chemicals used in industry are often
greater than those of propellants in ELV operations. This is
illustrated in Table 5-10 which provides data for various space
vehi cl es and for the storage and transportation of fairly common
fuels such as LNG LPG and gasoline. For each case, the table
gives the total weight, heat of conbustion per unit mass, and the
total chem cal energy. It also would have been desirable to
provide the explosive (TNT) yield for each case. However, this
woul d require the definition of a pertinent accident scenario for
each (as was done in Sec. 5.2.4) and the estimation of a
reasonabl e yi el d.

In view of the lack of such data, instead the total chem cal
energy is used as a rough indication of the nmagnitude of the
potential hazard which is reasonable for propellants and fuels.
In ternms of total chem cal energy alone, three typical |aunch
vehi cl es are approxi mately:

. equi valent in order of magnitude to a gasoline truck or a
rail tank car of LPG

. one order of magnitude smaller than a pressurized LPG
sphere.

. two orders of magnitude smaller than standard cryogenic
tanks of LNG and LPG

. three orders of magnitude smaller than an LNG ship.

Third, although ELV Ilaunch operations are inherently nore
intricate and conpl ex than conventional chem cal and transport
operations, the safety precautions for ELV operations are far
greater than those for other nore conmmon activities. For
exanpl e, launch sites are separated significantly frompopul ati on
centers while chemcal plants and fuel tank farns are |ocated
within cities.
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TABLE 5-10. COMPARISON OF CHEMICAL ENERGY CONTENTS OF SPACE VEHICLES AND OTHER
INDUSTRIAL OPERATIONS

System

Atlas
Centaur

Delta
Booster
Stage 1
Stage 2
Stage 3

Titan 1l
Stage 0
Stage 1
Stage 2
Transtage

LNG tanker (Cryogenic)
1tank: 25,000 m3
entire ship: 5 tanks

Cryogenic Storage Tank
(100,000 bbt)

Pressurized Spheres
(1,200 m3)

Jumbo jet fully loaded
(50,000 gallons)

Rail tank car

Tank Trucks
(10,000-20,000 gal.)

*

applications
*x

Heat of Total
Weight Combustion  Chemical Energy
Propellant/fuel Kib Btu/lb* Btu

RP-1/LO; 303 5,850 1.8x 109
LH,/LO; 30.7 7,200 0.2x 109

2 x 109

Solid (Castor (iV) 186 1,950** 0.36x 109
RP-1/LO, 179 5,850 1.0x 109
Aerozine-50/N,0, 13 7,200 0.09 x 109
Solid 2.3 1,950** 0.004 x 109

1.5x 109

Solid (UTP-300 1B) 464 1,950** 0.9x 109
Aerozine-50/N,04 294 2,000 0.59 x 109
Aerozine-50/N;04 69 2,000 0.14x 109
Aerozine-50/N,04 9 2,000 0.02x109
1.7 x109

LNG 23,000 21,500 500 x 109
LNG 115,000 21,500 2,500 x 109

LPG 20,000 20,000 400 x 109

Propane 950 20,000 19x 109
JetA 390 18,600 7.3x109
Propane 139 20,000 2.8x 109

Gasoline 60-120 18,000 1.1t02.2x 109

Assumed to be same as TNT

The heat of combustion is given in Btu per Ib of fuel/oxidizer mixtures for propellants and per Ib of fuel for non-space
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An addi tional perspective on the magnitude of the hazards of ELV
propellants relative to other fuels and chem cal s can be obt ai ned
by conparing their respective past accident data. This is
present ed bel ow for expl osi on acci dents.

Data sunmari zed in Table 5-11 i nvol ve maj or chem cal process and
transportation activities where the explosive yield was 40, 000
pounds of TNT or greater. The table provides a brief description
of each accident, identifies the chemcal involved, the
approxi mate quantity released (pounds) and the TNT equival ent
wei ght (reported by the accident investigators based on the
observed damage at the location of the accident). The TNT
equi val ent wei ghts ranged from40, 000 to 125, 000 pounds, which is
roughly the sane order of nmagnitude as that estimted
conservatively for worst case propellant accidents in Table 5-3.

Unfortunately, simlar historical data on space vehicl e accidents
may be restricted or classified and are not readily available in
the open literature. The data found in the open literature are
shown in Tabl e 5-12 for | arge SRM expl osi ons. No conpar abl e dat a
were found for liquid propellants. The reported TNT equi val ent
wei ghts range from9 to 42,000 pounds, a range |ower than yields
from industrial/transportation accidents and |ower than the
estimates for worst case propellant accidents in Table 5-3.

Al t hough the historical data and conpari sons presented above are
[imted in scope and depth, they still suggest that the hazards
anticipated from ELV propellants can be considered to be
qualitatively simlar in type and magni tude to those associ at ed
wi th conparable chem cals and fuels comonly used in chem ca
processing and transportation activities.
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TABLE 5-11. EXAMPLE OF MAJOR ACCIDENTAL EXPLOSIONS OF FUELS AND CHEMICALS AND THEIR
TNT EQUIVALENT WEIGHTS (ESTIMATED FROM ACTUAL DAMAGES) (Ref. 20)

Date

1970

12/9/70

1/20/68

6/1/74

4/17/62

9/21/74

7119/74

Location Chemical

CHEMICAL PROCESS INDUSTRY

Quantity
Released
klb

TNT
Equivalent
Weight
kib

Accident Description

N.J. Heavy Hydro-carbon

and hydrogen

Port Hudson, Propane
MO

Parnis,
Holland

Flixborough, Cycloxane
England

Doe Run,
KY

Ethylene Oxide

TRANSPORTATION

Houston, Butadiene
X
Decatur, Il Propane

Light Hydrocarbons

251

150

110-220

79

176

139
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110

110

44

40

40

44-125

44-88

Failure of high pressure
reactor due to localized
overheating.

Blast was highly directional.
Peripheral damage was
used to indicate yield.

Spill from a pipeline rupture
produced cloud 460 m long,
and 3-6 m high.

Breaking of water-oil
emuision in stop oil tank
caused cloud.

Poorly installed 500 ¢cm pipe
failed. Ignition in 25-35 sec.

Tank containing ethylene
oxide became contaminated
with ammonia. Tank
ruptured, dispersed
ethylene oxide into air.
Ignition was immediate.

Accident in rail yard
punctured rail tank car.
Amount of spill in 2-3
minutes not known. Ignited
by locomotive 180 m away.
Estimate 14-21 kPa
over-pressure at 300 m from
point of rupture.

Accident created 56 cm x 65
¢m hole in end of rail car,
releasing contents.




TABLE5-12. HISTORY OF LARGE SRM EXPLOSIONS AND THEIR TNT EQUIVALENT WEIGHTS

MOTOR
TYPE

TRIDENT F/S
STS Seg.
TRIDENT S/
M2 Stage ||
M2 Stage |
TITAN 1l
Seg.

M2 Stage il
POLARIS F/S
POLARIS S/S
M2 Stage Il

MX Stage |

MX Stage Il

SIZE
LGTH. DIAM.
At ft
155 6.2

13.0
83 62
135 43
245 54
120 100
52 31
151 45
70 45
135 43

7.7

7.7

PROPELLANT HAZ.

TYPE

CXDB

TP-H1i23

CXDB

PBAA

PBAA

PBAA

DDP77

ANP2655

ANP2655

PBAA

HTPB

HTPB

CLASS

1.1

1.3

TNT

INIT. EQUIV
WT.  WT.
kib.  Kib.
42 42+
280 28
19 19+
10.5 105

458 6.4-8.2
82 6.6-
11.5
37 37+
152 26
7.3 1.81
10.5 0.105

95.1 0.06 HOT DESTRUCT,

155 0.009 HOT DESTRUCT,

Source: Ref.7
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INCIDENT

DESCRIPTION

LSC = 325 g/ft

LSC = 40 g/ft

IMPACT

SPEED

_ft/ss SURFACE
<800 WATER
<800 WATER
>600 SAND
380- SAND
490

670 CONCRT.
<600 SAND
>490 SAND
>575 SAND
40  STEEL
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